Background: Body mass index (BMI) or equivalent weight for height indices are the most widely used measures of body composition in early onset and adolescent eating disorders. Although of value as screening instruments the limitation in disease states is their inability to discriminate fat and fat-free components of body weight. Objective: To compare height-adjusted fat and fat-free components of body composition in children and young adolescents with different types of eating disorders with those of age matched reference children. Design: Weight, height, triceps and subscapular skinfold thickness were measured in 172 children (aged 7 -16 y) with eating disorders receiving specialist treatment. Fat mass index (FMI) and fat-free mass index (FFMI) were calculated using Slaughter's and Deurenberg's equations and normalisation for height. Using data from 157 normal children, representative of the UK 1990 growth reference data, reference curves for FMI and FFMI AE 2 s.d. were derived. Results for patient groups were superimposed on these reference curves.
Introduction
As well as defining the 'disease' state in eating disorders, nutritional status is highly correlated with mortality and morbidity, including osteoporosis (Treasure et al, 1986; Bachrach et al, 1990; Brooks et al, 1998; Hotta et al, 1998) , infertility (Kohmura et al, 1986) , and cardiac complications (Cooke et al, 1994; Swenne & Larsson, 1999) . The boundary between health and disease in eating disorders in terms of body composition is crucial to recognition and treatment, but hard to define. In addition, approaches to measurement and interpretation of body composition in adult and older adolescent patients are unsuitable for use in children due to the confounding effects of growth and pubertal status (Wells, 2001) . The aim of this study was to evaluate differences between eating disorder subgroups in a preadolescent and young adolescent cohort of eating disorder patients, using an approach that differentiates fat and fat-free mass while taking growth parameters into account.
The peak age of onset for anorexia nervosa (AN) is around the time of puberty (Hindler et al, 1994) . Adolescent eating disorders are common and often chronic (Lucas et al, 1991) . Premenarcheal AN, although rare, is well recognised (Gowers et al, 1991; Jacobs & Isaacs, 1986; Bryant-Waugh, 2000) . The majority of studies to date looking at body composition in eating disorders have been on postmenarcheal adolescents or adult patients (Vaisman et al, 1988; Mazess et al, 1990; Orphanidou et al, 1997; Trocki & Shepherd, 2000) . The physical impact of malnutrition in pre-and peri-pubertal children with eating disorders has been little investigated, the largest series being a retrospective study of 20 adults whose AN was of premenarcheal onset (Russell, 1985) .
As with other diseases where altered nutritional status is central to the disease state, clinical assessment of body composition tends to be based on relative weight for height, or the body mass index (BMI). BMI is a highly valuable screening tool for obesity (Prentice, 1998) , for which it has high specificity but poor sensitivity (Reilly et al, 1995) , and for chronic protein-energy malnutrition (James et al, 1988) and eating disorders (American Psychiatric Association, 1994), although its specificity and sensitivity for detecting undernutrition are unknown. Like many useful screening tools, however, its value becomes less clear when looking at extremes and severe disease states. Its validity as a measure of body composition has been questioned in adult eating disorder patients (Hannan et al, 1995) , and in paediatric patients in general (Warner et al, 1997) . The limitations of BMI or equivalent ratio measures of body composition (eg weight-for-height or BMI standard deviation scores, s.d.s) lie in their poor capacity to discriminate underweight from inadequate body fat. Recent evaluation in children has demonstrated that BMI is a poor predictor of absolute fatness in children (Wells, 2000) . Moreover BMI cannot differentiate the relative contributions of fat mass (FM) and fat-free mass (FFM) to weight (Wells, 2000) . Furthermore, change in BMI with weight gain predicts neither change in FM nor in FFM in patients with AN, making the information obtained from using BMI in clinical practice of limited value (Trocki & Shepherd, 2000) .
The distinction between FM and FFM may, at least theoretically, have important clinical implications in relation to target weight and outcome in patients with eating disorders. The limitations of BMI alone become apparent, for example, when trying to predict resumption of menses (Sobanski et al, 1997; Falk & Halmi, 1982) . Studies in adults, using more complex body composition models than BMI, have attempted to tease out the relationship between FM and normal endocrine function (Birmingham et al, 1996; Mazess et al, 1990; Probst et al, 1996; Vaisman et al, 1988; Zamboni et al, 1997) . However, recent evidence suggests that FFM may be as or more important than fatness in the development of osteoporosis in AN (Grinspoon et al, 1999) .
There is therefore a need for an improved understanding of the effect of early onset eating disorders on body composition. In particular, it is important when assessing patients to take into account size differences from controls before comparing body composition. As part of a large study focusing on growth and development in an eating disorder clinic population, we have assessed the body composition of boys and girls with early onset eating disorders whose weights fall in the lower and normal range for age. After normalising for size, we have compared with FM and FFM of such patients with those of children representative of the 1990 UK growth reference.
Subjects and methods
All patients were referred to a specialist eating disorder service for children and adolescents aged between 7 and 16 y. Although 65% of the patients were aged 12 or over, eating disorders delay the onset of or arrest pubertal development. As a result the sample includes many subjects still prepubertal or in early adolescence relative to age matched controls (Figure 1 ). The bias in the sample was toward younger patients and more atypical eating behaviours than traditionally included in eating disorder cohorts. The range of eating problems seen in this age group has been previously described (Bryant-Waugh, 2000) . All eating problems were of sufficient severity to cause significant distress and impairment in physical, social and=or psychological functioning. 
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The study was approved by the ethical committee of Great Ormond Street Hospital and the Institute of Child Health. Eating disorder patients (n ¼ 206) included five diagnostic subgroups: anorexia nervosa (AN), bulimia nervosa (BN), eating disorders not otherwise specified (EDNOS), food avoidance emotional disorder (FAED; Higgs et al, 1989) and selective eating (SE; Nicholls et al, 2001) . The latter two categories are descriptive terms to describe abnormal eating behaviours seen in children (Bryant-Waugh, 2000) . FAED describes weight loss as a result of anxiety or other emotional disorder, eg food phobia. The degree of malnutrition is comparable to that seen in AN. SE is characterised by eating a highly limited range of food, but with normal caloric intake.
Patients were excluded from the original sample on the basis of comorbid medical illness that might affect body composition (eg Turner's syndrome, regular steroid treatment for chronic asthma; n ¼ 10), or other primary psychiatric disorders that might account for their weight loss (eg depression; n ¼ 11). Finally, for the purposes of comparison across diagnostic groups the same weight threshold was used for FAED as for AN, ie 85% BMI. Thirteen patients were excluded on this basis, leaving a total sample of 172 patients.
Anthropometric data from eating disorder patients were obtained at the first assessment at the clinic. Weight, height and triceps and subscapular skinfold thicknesses were measured using Holtain skinfold calipers by one of two trained growth nurses (inter-measurer technical error of measurement for height 0.24; triceps skinfold 1.26; subscapular skinfold 0.88 -all good or fair, with overall coefficient of reliability > 0.95; Ulijaszek & Lourie, 1997) .
Weight, height and skinfold data for reference children were from two samples obtained for the investigation of body composition in the general population. The total reference population was 157 children (77 males and 80 females, age range 6 -16.75 y). Children were volunteers recruited from schools in Cambridge, UK. BMI for the reference group was calculated from weight (kg)=height (m) 2 , and s.d.s calculated using the 1990 UK reference data (Cole et al, 1995) . Individuals who lay outside the range AE 2 s.d. scores were omitted in order to exclude extremes of over-and underweight from the control sample, in order to produce reference ranges for fat-free mass index (FFMI) and fat mass index (FMI) representative of the normal range for BMI. The extent to which the remaining subjects were representative of the UK population was assessed. The mean s.d.s. value for the total sample was 0.13 (s.d. 0.85), with a non-significant trend of increasing s.d.s. with age. Thus at each age, mean BMI of the control data was within 0.5 kg=m 2 of the UK 1990 reference data, equivalent to within 8% in centile terms.
Percentage fat for patient and control subjects was derived using Slaughter's equations using triceps and subscapular skinfold data (Slaughter et al, 1988) . FM was calculated from (%FM=100)Âweight. FFM was calculated from weight minus FM. However, percentage fat is not independent of the contribution of FFM to body weight, and is an inappropriate mean of normalising fatness for body size, especially in patients with malnutrition. A more informative way to display and understand body composition in children and adolescents is therefore to normalise both FM and FFM for height (Van Itallie et al, 1990) . This allows differentiation of energy store (fat) depletion from the more serious loss of lean muscle mass. Normalisation of body composition for height is also particularly important when comparing paediatric patients with reference data, as illness may result in patients being shorter than age-matched controls.
FMI and FFMI were calculated from FM=height 2 and FFM=height 2 , respectively (Van Itallie et al, 1990) , for all patients and controls. Curves for means and s.d. of FFMI and FMI in the healthy children were then produced using Lowess smoothing in Data Desk Version 6.1.1 and values computed along the age continuum. These data were used to construct graphs of smoothed FFMI or FMI reference values, AE 2 s.d., against age (Wells, 2001) . Results for the patient groups were superimposed on these reference data.
Not all skinfold equations are valid for every population. For example the Slaughter equations proved valid in the USA but not in the UK (Janz et al, 1993; Wells et al, 1999; Reilly et al, 1995) . Furthermore, skinfold equations were derived in healthy children and their accuracy in eating disorders is less clear. In order to confirm the results obtained with the Slaughter skinfold equations, all calculations were repeated using Deurenberg's equations for predicting body composition (Deurenberg et al, 1990; Weststrate & Deurenberg, 1989) , which use the same raw skinfold data and are suitable for use across the sample age range.
Results
Characteristics of the patients are provided in Table 1 . AN patients had mean weight and BMI s.d. scores significantly lower than zero, but their mean height s.d. scores were not significantly different from zero. BN patients had mean BMI s.d. scores significantly greater than zero, but these values were not significantly different from those of the reference children selected for this study. Results for EDNOS patients were similar to those for AN patients, although the magnitudes of the differences were much smaller. The s.d. scores of SE patients were not significantly different from zero. Figure 2 shows individual values (females only) for FMI and FFMI against age for the three 'typical' eating disorder sub-groups (AN, EDNOS, BN), overlying reference curves of mean FFMI or FMI AE s.d. scores. With weight loss both FM and FFM were lost when adjusted for height, across the weight and age spectrum, and consistency between the two compartments remained. For example, in AN patients, when 2 s.d. of weight were lost, this equated to 1 s.d. of FM and 1 s.d. of FFM. All BN patients lay within 1 s.d. of the reference population for both FM and FFM. Continuity between the three diagnostic categories in terms of body composition was seen, with the overlap between AN and EDNOS occurring at around À1 s.d. of FM. EDNOS patients above the mean line Body composition in early onset eating disorders D Nicholls et al on the FMI chart were in the normal range for BMI, but had relatively higher FM than FFM.
FAED patients, restricted to those less than 85% BMI, were compared to AN patients ( Figures 3 and 4 for girls and boys, respectively). For both genders FAED patients were similar to younger AN patients in terms of their body composition, having similar patterns of FM and FFM loss.
Patients with SE ( Figure 4 -boys only shown) had normal FMI and FFMI, especially the younger ones. Towards adolescence there was a tendency towards a relative reduction in FM, ie they become leaner relative to the normal population of teenage boys.
For all diagnostic categories, there was no difference in the pattern of FM and FFM observed using Deurenberg's rather than Slaughter's equations (data not shown).
Discussion
Using a two-component model, we have calculated values for FM and FFM normalised for height to evaluate body composition in an early onset population presenting with severe eating difficulties. Body composition data on prepubertal and pubertal eating disorder subjects have not previously been published. Eating disorders in this age group do not necessarily fit into current diagnostic criteria (Nicholls et al, 2000) and we have used terms previously applicable to children in this age group (Bryant-Waugh, 2000) . Issues of growth and development in this age group are of importance clinically in a way that is less relevant to post-menarcheal patients. However there is a dearth of information on which practice may be based.
Two component models of body composition have significantly more value than traditional BMI=BMI s.d.s.=weight-for-height indices alone. For the majority of complications of AN and other eating disorders, interest has traditionally focused on measures of percentage body fat or absolute FM, since FM reflects energy reserves and is closely linked to endocrine dysfunction. A relationship has been shown between gonadotrophin levels and percentage fat, body weight and percentage of weight loss in AN (Jeuniewic et al, 1978) , and with resumption of menses (Beaumont et al, 1976) . It is clear, however, that estimates such as 22%FM being necessary for the maintenance of regular ovulatory cycles (Frisch, 1984) are over simplistic.
Previous studies have identified loss of FFM as a feature of weight loss in AN (Polito et al, 1998) , although this was under emphasised in the earlier literature (Mazess et al, 1990) and the implications of loss of FFM remain relatively unexplored, particularly in growing children. Reduced FFM has been implicated as a major risk factor in the development of osteoporosis (Grinspoon et al, 1999) . Moreover, the loss of FFM in eating disorders is likely to confound assessments of fatness based on percentage fat, while assessments based on FM ignore the possible effect of reduced height and size. Appropriate normalisation for size of both components of weight is essential if the effects of eating disorders on health and body composition are to be understood.
Our results identify a number of specific issues about body composition in this group of patients. Compared to controls, clear differences in overall nutritional status is apparent in some of the diagnostic groups, most notably AN and FAED. Our results suggest almost 1 s.d. of both FM and FFM are lost. This does not mean FM and FFM are lost equally kg for kg, but that loss relative to the norm is equivalent in both body components. This finding was consistent across the weight and age range, and applied to patients with atypical eating patterns associated with malnutrition, as much as to typical AN patients. Expressed in this way the deviation from normal is clear. Other studies have expressed loss of FFM as absolute weight (Mazess et al, 1990) or as percentage of control FFM (Polito et al, 1998; Schneider et al, 1998) , the significance of which may be harder to determine. It is of note that FAED patients, unlike AN patients, rarely attempt to actively alter their body composition or shape by exercising or altering their hydration state.
The distribution of FM and FFM was continuous between the main ED diagnoses, AN, EDNOS and BN, indicating the lack of a clear physiological boundary between the disease states. Subjects near the 85% BMI cut-off used to define AN had quite a wide range of fatness, with a number of patients who meet AN criteria falling within 1 s.d. of the normal range for FMI. This is particularly so during adolescence, and suggests that the 85% BMI criteria for AN may not AN, anorexia nervosa; BN, bulimia nervosa; EDNOS, eating disorders not otherwise specified (features of anorexia nervosa but do not meet full criteria, most commonly insufficient weight loss, or first seen following partial weight recovery); SE, selective eating (highly limited range of food, but normal calorie intake), FAED, food avoidance emotional disorder (weight loss as a result of emotional food avoidance, eg food phobia).
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The numbers of subjects was too limited to make definitive statements about boys with AN, although if boys with Figure 2 Fat mass index (FMI) and fat-free mass index (FFMI) against age in patients with anorexia nervosa (AN), bulimia nervosa (BN) and EDNOS (girls only), with reference curves (mean AE 2 s.d.) for females.
Body composition in early onset eating disorders D Nicholls et al FAED are added to the AN data (as the female data suggest is valid), some preliminary observations can be made. Similar proportional loss of FM and FFM was seen clearly. As age increased the differential between FM and FFM loss can be seen, with a trend towards relatively greater loss of FM than FFM, unlike in the females. 
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These are the first data to our knowledge looking at the body composition of SE children, characterised by a highly restricted range but not quantity of food. Typically SE children will eat 10 foods or less, have a heavy bias toward carbohydrate intake, and often have very little protein in their diet (Nicholls et al, 2001) . Despite severe dietary limitation, these (mainly) boys are within the normal range for FM and FFM and, if anything, have a tendency to build up FFM more than FM as they reach adolescence.
The one methodological drawback to our study is that we have used prediction equations rather than more direct estimates of body composition. We have used skinfold thickness data to predict total FM, and hence FFM by difference with weight, using equations which have been shown to produce consistent bias (Wells, 2000; Reilly et al, 1995) . Our findings require confirmation using other measures predicting FM for both the control and the patient samples. However, use of the same equations in the control and patient groups allows relative rather than absolute differences to be seen. Also, we have used two different sets of equations, and the results were similar.
The basic approach of normalising body composition for height rather than weight for evaluating and displaying FM and FFM in a paediatric cohort has not previously been applied to clinical populations. Body composition data of patients are generally expressed in terms of percentage fat, which ignores possible deviations in FFM. In the present study, the expression of fatness as a percentage of weight would disguise the extent to which the patients have lower fatness compared to controls. Our approach addresses two common problems (Wells, 2001 ) simultaneously: (1) assessment of fatness is unconfounded by relative FFM deposition; and (2) adjustment is made for potential differences in size between patients and controls. For clinical purposes both FM and FFM need to be considered independently in the context of eating disorders, and adjusting body composition for height is one means of addressing this. We believe that the same approach is likely to be relevant in other fields of paediatric research.
Conclusion
This study presents novel data on body composition in preadolescent and young adolescent patients with eating disorders. In those subjects where nutritional status is significantly poorer than controls our analyses indicate that both FFM and FM are adversely affected, as other authors have shown in older subjects. Expressing loss of FM and FFM in terms of s.d.s emphasises the equivalent relative loss in both compartments. The implications of altered FM and FFM on growth and development in early onset patients are not clear. Although the literature has emphasised the importance of adequate FM for health, the association between lean mass and osteoporosis suggests that FFM also merits attention.
